Spontaneous fluctuations in the blood-oxygen-level-dependent (BOLD) signals demonstrate consistent temporal correlations within large-scale brain networks associated with different functions. The neurophysiological correlates of this phenomenon remain elusive. Here, we show in humans that the slow cortical potentials recorded by electrocorticography demonstrate a correlation structure similar to that of spontaneous BOLD fluctuations across wakefulness, slow-wave sleep, and rapid-eye-movement sleep. Gamma frequency power also showed a similar correlation structure but only during wakefulness and rapid-eye-movement sleep. Our results provide an important bridge between the largescale brain networks readily revealed by spontaneous BOLD signals and their underlying neurophysiology.
Spontaneous fluctuations in the blood-oxygen-level-dependent (BOLD) signals demonstrate consistent temporal correlations within large-scale brain networks associated with different functions. The neurophysiological correlates of this phenomenon remain elusive. Here, we show in humans that the slow cortical potentials recorded by electrocorticography demonstrate a correlation structure similar to that of spontaneous BOLD fluctuations across wakefulness, slow-wave sleep, and rapid-eye-movement sleep. Gamma frequency power also showed a similar correlation structure but only during wakefulness and rapid-eye-movement sleep. Our results provide an important bridge between the largescale brain networks readily revealed by spontaneous BOLD signals and their underlying neurophysiology.
electrocorticography ͉ fMRI ͉ functional connectivity ͉ human ͉ sleep S pontaneous slow (Ͻ0.1 Hz) fluctuations in the blood-oxygenlevel-dependent (BOLD) signals of functional magnetic resonance imaging (fMRI) appear to reflect a fundamental aspect of the brain's organization (1, 2) . These fluctuations are temporally covariant within large-scale functional brain networks, such as those associated with sensorimotor (1), language (3), attention (4) , and executive (5) functions as well as the ''default network'' (6). These covariant relations (i.e., correlation structures) of spontaneous BOLD signals exist during restful waking (1, (3) (4) (5) (6) , task performance (3, 7) , sleep (8) , and even general anesthesia (2) . Furthermore, their integrity appears to be essential to normal brain function (7) . However, in contrast to evoked BOLD responses (9) (10) (11) (12) , the electrophysiological basis of these spontaneous covariant BOLD fluctuations is unknown. Here, we investigated this question in five patients with intractable epilepsy undergoing evaluation with surgically implanted grids of subdural electrodes. Each patient underwent about a week of continuous videomonitored electrocorticography (ECoG) for the purpose of determining the epileptic focus before surgical resection.
The present analyses were based on ECoG data recorded in three distinct arousal states: (i) extended awake periods during which patients were in bed or seated, typically watching TV, eating, or engaged in social interactions; (ii) slow-wave sleep (SWS); and (iii) rapid-eye-movement (REM) sleep. Representative ECoG data are shown in supporting information (SI) Fig. S1 . Resting-state (maintaining visual fixation) BOLD fMRI was acquired in a separate session either before or after surgical intervention. Patient information and data details are included in Table S1 . In what follows, we present analyses using four different strategies to compare the correlation structures of BOLD and ECoG signals.
Results

Correlation Structures of Spontaneous BOLD Signal and Slow Cortical
Potential. In the first three analyses, we focused on the sensorimotor network, because the ECoG electrodes provided adequate coverage of the sensorimotor network in all presently studied patients but much poorer coverage of the other networks known to exhibit covariant BOLD fluctuations. For each patient, we first computed a voxel-wise BOLD correlation map of the sensorimotor network ( Fig. 1 and Fig. S2 ; for methods, see SI Text). Electrodes then were categorized according to the underlying BOLD correlation map. Electrodes within the sensorimotor network as defined by this map (Z-score Ͼ 3, P Ͻ 0.05) were labeled ''sensorimotor.'' Electrodes outside this network (Z-score Յ 0; see Methods) were labeled Three-dimensional rendering of anatomical MRI and projection of electrode locations onto the three-dimensional surface. Clinical mapping of the sensorimotor cortex is indicated by color patches. Red indicates hand motor area based on median nerve somatosensory evoked potential (SSEP); yellow indicates hand sensory area based on SSEP; blue indicates facial twitching in response to cortical stimulation; and green indicates hand grasp in response to cortical stimulation. (C) BOLD sensorimotor correlation map (Z-score, thresholded at P Ͻ 0.05, corrected for multiple comparisons) and electrode locations overlaid on the pial surface reconstructed from anatomical MRI. Two bad electrodes in the anterior temporal strip were eliminated. Four sensorimotor ROIs (delineated by magenta contours) and four control ROIs (blue contours) were determined in this patient. The cross-hatching indicates the epileptogenic zone that was subsequently resected.
''control.'' To increase signal-to-noise ratio, in the first two analyses, we defined sensorimotor and control regions of interest (ROIs) as contiguous groups of sensorimotor and control electrodes and averaged ECoG and BOLD signals within each ROI. Several ROIs of each type were defined in all patients ( Fig. 1 and Fig. S2 ).
In the first analysis, we computed lagged cross-correlation functions for all possible sensorimotor-sensorimotor and sensorimotorcontrol ROI pairs using BOLD and filtered ECoG signals. Because the sensorimotor ROIs were located within a common network defined by BOLD correlation structure, whereas the control ROIs were outside this network, BOLD correlations between sensorimotor ROIs should be, by definition, higher than correlations between a sensorimotor ROI and a control ROI (see Fig. 2B and Fig. S3 ). The question was whether some type of electrophysiological activity may similarly differentiate sensorimotor-sensorimotor from sensorimotor-control correlations. To pursue this question, ECoG signals filtered in eight different frequency bands (Ͻ0.5 Hz, 1-4 Hz, 5-10 Hz, 10-20 Hz, 20-50 Hz, 50-100 Hz, 100-150 Hz, and 150-200 Hz) were used to compute the lagged correlation functions (see Methods). These correlation functions then were compared across the two types of ROI pairs.
ECoG activity in the two slowest frequency bands (Ͻ0.5-Hz and 1-4-Hz bands) distinguished sensorimotor-sensorimotor from sensorimotor-control ROI pairs: the sensorimotor-sensorimotor ROI pairs were positively correlated, whereas the sensorimotor-control ROI pairs were negatively or not correlated. Remarkably, this distinction was present in all arousal states ( Fig. 2 A and Fig. S3 ). Similar findings were absent in higher frequency bands ( Fig. 2 A and  Fig. S4 ). These results were consistent across all five subjects. Considering only the waking data, across all patients, 86% of the sensorimotor-sensorimotor correlation functions (using either Ͻ0.5-Hz or 1-4-Hz band ECoG) had a positive peak with an r value Ͼ0.1 in the lag range within Ϯ 0.5 s; in contrast, only 19% (Ͻ0.5-Hz band) or 16% (1-4-Hz band) of sensorimotor-control correlations showed similar positive peaks. For statistical results, see Fig. 2C . Importantly, this difference in slow ECoG signal correlation between sensorimotor-sensorimotor and sensorimotor-control ROI pairs cannot be accounted for by a difference in their respective inter-ROI distances, because the distribution of inter-ROI distances was the same for the two groups of ROI pairs (Fig. 3) .
Whereas these analyses filtered the ECoG signal in eight different frequency bands, and thus had a crude spectral resolution, converging results from an independent analysis employing coherence measurement with a fine spectral resolution are presented in In the second analysis, to assess the similarity between the correlation structures of BOLD signal and slow ECoG activity quantitatively, we plotted ECoG (filtered at Ͻ0.5 Hz, Fig. 4A ; filtered at 1-4 Hz, Fig. 4b ) vs. BOLD correlation values across all sensorimotor-sensorimotor and sensorimotor-control ROI pairs in all patients. Highly significant correlations between BOLD and ECoG correlation measures were found for ECoG signals in the Ͻ0.5-Hz and 1-4-Hz bands from all three arousal states (all P Ͻ 0.002), thereby demonstrating a correspondence between the correlation structures of spontaneous BOLD signal and slow (Ͻ4 Hz) cortical potential (SCP) recorded by ECoG.
In the third analysis, we computed spatial correlations between BOLD and slow ECoG (Ͻ0.5-Hz band) correlation maps to compare their spatial patterns on an electrode-by-electrode basis. Voxel-wise BOLD correlation maps were spatially sampled by the electrode coverage to compare with ECoG correlation maps (for each electrode, the corresponding BOLD correlation value was evaluated by averaging over a 5-mm-radius sphere centered on that electrode, excluding voxels outside the pial surface). For correlation map examples, see Fig. 5A . All sensorimotor and control electrodes were used as seed electrodes; thus, this analysis did not depend on ROIs. We found that the great majority of BOLD and ECoG correlation maps obtained by seeding at the same electrode were highly similar (98.3% of such comparisons had a spatial correlation value that was significant at the P Ͻ 0.05 level, uncorrected for potential dependence of signals at neighboring electrodes). Next, we examined the similarity of correlation maps obtained with different seed electrodes within the sensorimotor system, with the outcome measure being the mean spatial correlation averaged over pairs of seed electrodes. As shown in Fig. 5B and Fig. S6 , this measure was significantly positive, regardless of whether the spatial correlations were computed within modality (BOLD:BOLD or ECoG:ECoG) or across modalities (BOLD:ECoG). In contrast, the spatial correlation measures comparing maps obtained by seeding at ''sensorimotor'' electrodes vs. those obtained by seeding at ''control'' electrodes were, on average, around zero, again regardless of whether the comparison was within or across modalities. These spatial correlation results cannot be accounted for by the effect of distance between seed electrodes (see Fig. S7 ). They confirmed the previous finding that the correlation structures of spontaneous BOLD and slow (Ͻ0.5 Hz) ECoG signals are similar, at least within the framework of the sensorimotor system.
In the fourth analysis, to extend our findings beyond the sensorimotor system, we evaluated the similarity of BOLD and slow ECoG (Ͻ0.5-Hz band) covariance structures using an eigenvector decomposition strategy (for details of the method, see SI Statistical testing of covariance matrix similarity by eigenvector decomposition).
In brief, this strategy tested whether the eigenvectors accounting for more variance in the BOLD data also accounted for more variance in the ECoG data, which, if true, would strongly reinforce the impression of a similarity between the BOLD and ECoG covariance structures derived from our other analyses. This analysis included all ECoG electrodes providing technically satisfactory recording, and hence was independent of the distinction between sensorimotor and nonsensorimotor networks. Statistical significance was assessed using a nonparametric test (Spearman rank order correlation) requiring no correction or qualification. The results again showed that the covariance structures corresponding to the two types of signals (BOLD and Ͻ0.5-Hz ECoG) were similar in all five patients for ECoG data acquired in all three arousal states (all P Ͻ 0.005; Fig. 5C and Fig. S8 ).
Correlation Structures of Spontaneous BOLD Signal and Gamma
Band-Limited Power. So far, we have demonstrated a correspondence between the correlation structures of spontaneous BOLD signal and SCP representing the slowest component of raw ECoG signals (Ͻ4 Hz). However, power of gamma frequency (Ͼ30 Hz) has not only been demonstrated to correlate with BOLD in stimulus-evoked activity (9-12) but has been shown to remain coherent in its spontaneous fluctuations at distances up to 1 cm, unlike spontaneous raw gamma oscillations that are correlated only locally (13) . Hence, we tested in an additional analysis whether gamma (50-100 Hz) band-limited power (␥-BLP) also had a correlation structure similar to spontaneous BOLD signals. Fig. 4C shows scatter plots of BOLD correlations against ␥-BLP correlations across all ROI pairs. A significant correlation with BOLD was found for ␥-BLP in waking (P ϭ 0.008) and REM (P Ͻ 0.0001) data but not in SWS (P ϭ 0.28) data. We note that the lack of correspondence during SWS was not attributable to a reduction in the amount of gamma frequency power, which was invariant across arousal states (Fig. S9) (14) . Consistent results from spatial correlation analysis comparing BOLD and ␥-BLP correlation maps are shown in Fig. S10 .
Given the correlation between ␥-BLP and BOLD signal in stimulus-evoked responses (9) (10) (11) (12) , it is possible that the waking ␥-BLP result presented herein was partly driven by environmental stimuli present during data recording. However, a similar result was obtained for ␥-BLP during REM sleep, in which neuronal activity arises completely from within. Therefore, it appears that endogenous brain activity during REM sleep, and presumably also wakefulness, modulates ␥-BLP in a spatial pattern similar to that of spontaneous BOLD fluctuations. Equally telling, ␥-BLP during SWS did not show a similar correlation structure. This result is consistent with the view that coherent patterns in gamma frequency activity are related to conscious experiences (15, 16) that are more prevalent in wakefulness and REM sleep than in SWS (17, 18 ). An alternative but not contradictory explanation is that the bistability of thalamocortical circuits between up and down states during SWS . Each bar represents the mean spatial correlation averaged over seed-electrode pairs. SM-C indicates that one correlation map was obtained by seeding at an SM electrode and the other map by seeding at a C electrode. SM-SM indicates that both maps were obtained by seeding at an SM electrode. Error bars denote SEM. ***: significant nonzero mean spatial correlation (P Ͻ 0.0001; one-sample t test). The over-bracketed P values indicate unpaired t tests comparing seed electrodes within (SM-SM) vs. across (SM-C) functional systems. ECoG data were from the waking state. Comparable results were obtained in all patients and for ECoG data from all states of arousal (Fig. S6 ). (C) Eigenvector decomposition analysis comparing BOLD and ECoG (from all three states) covariance structures. The ordinate shows the fraction of ECoG variance captured by eigenvectors derived by diagonalization of the BOLD covariance matrix. These eigenvectors were sorted by the rank-ordering of their corresponding eigenvalues (index shown in the abscissa), such that the eigenvector with the smallest index was associated with the largest eigenvalue, and hence accounted for the most variance in the BOLD data. The variable range of the abscissa reflects the number of eigenvectors, which is the same as the number of usable electrodes in each patient. The decreasing trend of the plot indicates that eigenvectors accounting for more BOLD variance also accounted for more ECoG variance. The statistical significance of the covariance structure similarity (tested by Spearman rank order correlation) is listed in the key. Comparable results were obtained in all patients (Fig. S8 ).
(19) is responsible both for the fading of consciousness and for the collapse of gamma power correlations.
Interestingly, whereas the BOLD and SCP correlations included both negative and positive values, ␥-BLP correlations were mainly positive (Fig. 4) . One possible explanation is that the removal of global signal in BOLD signal processing and the use of average reference in ECoG analysis forced the appearance of negative BOLD and SCP correlations, whereas no equivalent maneuver was done in the BLP analysis. However, negative SCP correlations also emerged when modified Laplacian montage was used (see results from Patient 2 in Fig. 4 and SI Supplementary Note 1) ; in this case, there was no numerical mandate of negative correlations. An alternative explanation is that positive correlations of BOLD/SCP signals indicate that the two regions are in the same network, which, as if crossing a threshold, ''enables'' the covariant ␥-BLP relation. By contrast, no ␥-BLP relation exists when this threshold is not crossed. Undoubtedly, a better understanding of this phenomenon awaits future investigation.
Discussion
To summarize, we have identified two types of neurophysiological signals that demonstrate a similar correlation structure to that of the spontaneous fMRI BOLD signal: SCP and ␥-BLP. For SCP, the correspondence with BOLD was state-invariant. For ␥-BLP, the correspondence was present in wakefulness and REM sleep but not in SWS. This leads us to suggest that spontaneous fMRI BOLD signals and SCPs both reflect a fundamental stratum of the brain's intrinsic organization that transcends levels of consciousness. The more labile state-dependent structures of ␥-BLP, though similar, appear to be built on scaffolding provided by the more fundamental processes represented in the BOLD signals and the SCPs.
A remaining question regards whether the spontaneous BOLD signal, SCP, and ␥-BLP are correlated on a time-varying basis. This could not be directly addressed in the present study because of the lack of simultaneous BOLD and ECoG recordings. However, because these three signals have comparable frequency ranges (see SI Supplementary Note 2), it is not unreasonable to speculate that they may indeed be temporally coherent. Unfortunately, to date, relevant empirical observations remain scarce. Nevertheless, it has been shown in anesthetized rats that spontaneously fluctuating total hemoglobin concentration and low-pass filtered local field potential are temporally correlated**; when the anesthesia level was deepened to produce burst-suppression ECoG patterns, the spontaneous fluctuating blood flow faithfully followed bursts of ECoG activity at a frequency of ϳ0.1 Hz (20) . Whereas nonneuronal factors have been shown to contribute to spontaneous BOLD signal variance (21) (22) (23) , these studies and the present work suggest an important neural origin of these signals. Furthermore, numerous early EEG studies have shown that the negative shift of SCP occurs in response to various task demands much in the same way as the BOLD signal activation does [for a recent review, see the article by Khader et al. (24) ]. Hence, SCP may be a fundamental neural basis of the BOLD signal-a basis for the spontaneous BOLD fluctuations and task-evoked BOLD responses alike.
Our results and the foregoing interpretations are consistent with well-established neuroanatomical and neurophysiological observations. The negative shift of SCPs reflects depolarization of apical dendrites in cortical superficial layers (e.g., by excitatory nonspecific thalamic inputs) (25, 26) . Therefore, spontaneous SCP and the correlated BOLD signal fluctuations likely reflect endogenous fluctuations of cortical excitability within functional systems. (For a discussion on the relation between SCP and the ''up-and-down states,'' which also reflects fluctuations of cortical excitability, see SI Supplementary Note 3.) Interestingly, glial cells become depolarized by local excitatory dendritic activity and contribute to negative SCP regardless of cortical depth because of their syncytial connections (26, 27) ; these glial cells also concurrently take up synaptically released glutamate and contribute to locally increased glycolysis, which, in turn, increases the BOLD signal (28) .
It has been shown that the trough of SCP is associated with increased power of higher frequency field potentials (29) as well as increased multiple-unit activity (26) . Hence, the correlated noise in unit recordings (30) may be regulated by the correlated spontaneous fluctuations of SCPs confined within the large-scale brain functional networks. Furthermore, a long-established line of research showing the influence of spontaneous variations of SCPs on psychological performance is especially intriguing. Tasks presented on the negative shifts of spontaneous SCP fluctuations are solved faster (31) and more accurately (32) and had a lower sensory threshold (33) , supporting the role of spontaneous activity in facilitating responses to stimuli. Similar investigations in the fMRI domain have only begun to blossom (34, 35) .
Methods
Subjects. Five patients undergoing surgical treatment for intractable epilepsy participated in the study. To localize epileptogenic zones, patients underwent a craniotomy for subdural placement of electrode grids and strips, followed by 1 to 2 weeks of continuous video and ECoG monitoring. The placement of the electrodes and the duration of monitoring were determined entirely by clinical considerations. All patients gave informed consent according to the procedures established by Washington University Institutional Review Board. Exclusion criteria were (i) widespread interictal spike-and-wave discharges, (ii) age Ͻ10 years old, (iii) severely impaired cognitive capability, (iv) diffuse brain tissue abnormality (e.g., tuberous sclerosis, cerebral palsy), and (v) limited electrode coverage (e.g., only temporal lobe strips) (see Table S1 for demographic and clinical information). Artifact-free and interictal-spike-free segments of ECoG data were clipped off the clinical recordings obtained in three distinct arousal states: quiet wakefulness, SWS (stages 3/4), and REM sleep. The length of data segments ranged from 2.7 to 112 min (mean ϭ 20.6 min). Arousal state determination was based on the conjunction of ECoG and video recordings. REM sleep was identified by (i) active eye movements in the video record and/or the electro-oculogram and (ii) low power in the Ͻ4-Hz band. Time courses of Ͻ4-Hz BLP were computed over entire nighttime records using fast Fourier transform applied to half-overlapping windows of 1 s in length. Periods with Ͻ4-Hz BLP as low as the waking state were selected, excluding those preceded by a sharp (as opposed to gradual) transition from SWS (marked by high Ͻ4-Hz BLP) which were more likely to represent arousal/awakening rather than REM sleep. Total lengths of data collected for each patient are listed in Table S1 .
Electrophysiology Data
Methods for MRI data acquisition and generation of voxel-wise BOLD correlation maps are described in SI.
Electrode Localization. Plain radiographs and computed tomography (CT) scans were acquired postoperatively with the subdural electrodes in place to define the electrode positions in relation to the skull. The CT images were coregistered to subject's own anatomical MR image and then to the atlas-representative image. The Talairach coordinates of the center of each electrode then were determined using a locally developed automated procedure. Three-dimensional renderings of the pial surface were generated from atlas-transformed anatomical MR images using MRIcro (http://www.sph.sc.edu/comd/rorden/mricro.html) (Fig. 1B) and Freesurfer (http://surfer.nmr.mgh.harvard.edu) (Fig. 1C) . Displays showing BOLD correlation maps and electrode locations overlaid on the pial surface (from Freesurfer) were generated using CARET (http://brainmap.wustl.edu/caret).
For each electrode, the corresponding BOLD sensorimotor correlation map Z-score (thresholded at a significance level of P Ͻ 0.05 corrected for multiple comparisons; see SI) was evaluated by averaging over a 5-mm-radius sphere centered on the electrode, excluding voxels outside the pial surface. Electrodes with a Z-score greater than 3 were classified as ''sensorimotor.'' Electrodes with a Z-score equal to or less than 0 were classified as ''control.'' A group of contiguous ''sensorimotor'' electrodes constituted a sensorimotor ROI. A group of contiguous ''control'' electrodes constituted a control ROI. The distance between two ROIs was computed in Talairach space as the distance between the center of mass of each group of electrodes. The distances between ROIs were carefully controlled such that (i) all ROIs were separated by Ͼ2 cm so as to focus on large-scale brain functional connectivity and (ii) the distribution of inter-ROI distances was comparable between the sensorimotor-sensorimotor and sensorimotor-control groups (see SI Supplementary Note 4 and Fig. 3 ). In addition, widespread strong negative correlations to the sensorimotor network were avoided as control ROIs because their physiological meaning is as yet unclear. Regional ECoG time series were extracted by averaging over the electrodes constituting each ROI and were made zero-mean and detrended. Data were Fourier transformed, and the cross-and auto-spectra corresponding to ROI pairs were computed and averaged over half-overlapping windows of 10-s length across the entire data set (data segments from the same arousal state were averaged together). The averaged crossand auto-spectra for each ROI pair were filtered in each of the aforementioned frequency ranges (18 dB/octave) and inverse Fourier transformed to yield the lagged cross-and auto-covariance functions for each frequency band. The lagged cross-covariance functions then were normalized to obtain the lagged cross-correlation functions. This approach is similar to that used by von Stein et al. (36) . Lagged cross-correlation functions are shown in Fig. 2 A and Figs. S3 and S4.
ECoG Correlation Analyses and
Analysis of Regional ␥-BLP Signals. Regional ␥-BLP time series (2-s sampling interval) were obtained by fast Fourier transform of successive half-overlapping 4-s windows and summing over frequency bins in the range of 50 to 100 Hz (excluding 60-Hz bin). For each ROI pair and arousal state, lagged crosscorrelation functions were conventionally computed in the time domain for each data segment and averaged across segments from the same arousal state.
Analyses of Regional BOLD Signals. Regional BOLD time series were computed by averaging over voxels under electrodes constituting each ROI (see Electrode Localization). For each ROI pair, lagged BOLD cross-correlation functions were conventionally computed in the time domain for each fMRI run and then averaged across runs. Statistical testing of all cross-correlations was performed after application of Fisher's r-to-z transform.
Spatial Correlation of Temporal Correlation Maps. Spatial correlation was used to assess spatial similarity of correlation maps (4) . Here, correlation maps were obtained by computing temporal correlations of the signal (BOLD or ECoG) at one (seed) electrode against all other electrodes. Thus, we obtained r ik B and r ik E , the (zero-lag) temporal correlation map corresponding to seed electrode i, where k indexes all other electrodes and the superscript indicates modality (BOLD or ECoG). ECoG correlation maps (r ik E ) were computed on signals that were low-pass filtered at Ͻ0.5 Hz and down-sampled to 8 Hz (Fig. 5 A and B and Fig. S6 ) or by using ␥-BLP time series (Fig. S10) , then were computed for pairs of seed electrodes. Thus, for seed electrodes i and j, the spatial correlation was computed as
